ABSTRACT Two models ofprotein-folding pathways are proposed on the basis ofequilibrium and Idnetic data in the literature.
other proteins, accompanying oxidation of the reduced form, and the folding of denatured proteins with intact disulfide bonds are discussed in terms ofthe growth-and rearrangement-type models.
On the basis of experimental and theoretical studies, three different models have been proposed forprotein-folding pathways.
In the first, the dominant near-neighbor interactions lead to the formation of nucleation sites among nearby residues in the amino-acid sequence in a rate-limiting step(s) in the initial stages of folding, this is followed by a rapid growth phase in which other parts of the chain fold around the nucleation sites ' (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . The existence ofordered structures having some degree of native-like conformation in the so-called unfolded (reduced) form of bovine pancreatic RNase A is indicated by the presence of about 0.04% enzymatic activity (20) and about 6% native conformation [deduced from an immunochemical assay (21) ]. Also, interactions in the intermediates lead to nonrandom paiing of half-cystine residues in the formation of disulfide bonds in RNase A (22) , and the addition of guanidine hydrochloride, which destroys such nonrandomness, slows the regeneration reaction in RNase A (23) .
In a second model, proposed by Creighton (for review, see ref. 24) , an incorrect disulfide bond is essential for regeneration [Cys-5--Cys-14 or Cys-5--Cys-38 in the case of bovine pancreatic trypsin inhibitor (BPI)], and the rate-limiting step occurs at a late stage in the reshuffling from the essential incorrect disulfide bond to the correct one (Cys-5-Cys-55) (25) , at which point the final native conformation is folded simultaneously (26) . Moreover (28) (29) (30) (31) (32) (33) , andthe slow phase has been attributed to praline isomerization. This assumption is supported by other investigations (34) (35) (36) (37) (38) (39) (40) . Recent observations, however, suggest that praline isomerization occurs after most of the confonnational folding has taken-place (41) (42) (43) . Also, residual structures were observed in the slowly folding Intermediates (39, (44) (45) (46) . Regardless of whether proline isomerization is involved in the folding pathway, the multiphase kinetics provide evidence that there are several unfolded forms in a denatured protein that can fold by different pathways (41) (42) (43) (49) , there are 7, 192 Intemedae, on purely statistical grounds; undoubtedly, some of them involve sterc hindrance and thus cannot exist teine residue, then the reactivity ofthis SH group would be low.
This seems to occur in the refolding of the constant fragment of the immunoglobulin light chain, which contains only one disulfide bond, with the reduced form adopting a native-like conformation at pH 7.5 and 250C (50) . Glutathione (GSSG) oxidation of the cysteine residues of the reduced fragment was slower in the native-like conformation than in the conformation ofmaterial denatured by 8 M urea (51) . From an analysis oftheir kineticdata, Goto and Hamaguchi (51) proposed that two factors affect the rate of odaton. One is the concentration of GSSG, and the other is the stability of the reduced native-like conformation. Therefore, the reaction from the Intermediates* to the native protein will be slow enough for Intermediates* (52) as III"J, containing three correct disulfide bonds (Cys-26---Cys-84, Cys-58--Cys-110, and Cys-65-Cys-72) and two fiee cysteine residues (cysteines-40 and -95), accumulated (52) . Since III,, has a relatively stable native-like conformation (53) and two-cysteines are buried in the native conformation, the above three requirements are satisfied.
In the regeneration of reduced BPTI, an Intermediate* (NSH in Creighton's notation) that has two correct disulfide bonds and a native-like conformation (26) accumulated only at low concentrations of GSSG (27).
In the air oxidation of reduced lysozyme, three different intermediates each having three native disulfide bonds but lacking the disulfide bond between cysteines-6 and -127, cysteines-64 and -80, and cysteines-76 and -94 accumulated (54 The regeneration of lysozyme from its reduced form by GSH and GSSG has been studied by Wetaufer and co-workers (56, 57) . According to these authors, the rapid oxidation ofabout four cysteie residues by 0.1 mM GSSG and 1 mM GSH probably brigs reduced lysozyme to a pre-equilibrium state, and the subsequent slow oxidation and regain of enzymatic activity brings the intermediates to fully regenerated lysozyme (57) .
Analysis of the disulfide bonds of the Intermediates indicated that formation of one or two disuwlfide bonds among cysteines-64, -76, -80, and -94 and a native disulfide bond between cysteines-30 and -115 occurs before the rate-limiting steps-i.e., in the Intermediates (57). Also, a native disulfide bond between eysteines-6 and -127 probably formed at or after the rate-limiting step (57) . Thus, if lysozyme is regenerated from its reduced form through a growth-type pathway, the formation of a native disulfide bond (Cys-6--Cys-127, Cys-64--Cys-80, or Cys-76--Cys-94) might be the ratelimlng step. Ifa rearrangementtype pathway is followed, cleavage or reshuffling of incorrect disulfide bonds among cysteines-64, -76, -80, and -94 to the correct ones might be the rate-limiting step.
Folding from Denatured Proteins that Have Intact Disulfide Bonds. The kdinetics of fohling of proteins that have intact disulfide bonds involve fist and slow processes (after denaturation has been induced by introduction of guanidine hydrochloride or urea, by pH change, or by heating) and may also be discussed in terms of growth-and rearrangement-type pathways. In this analysis, we rely on the following observations under folding conditions for RNase A: (i) There is a slow interconversion between two unfolded species, DF and DS; (i) there are both fast and slow folding processes; (I there appears to be some ordered structure in the slowly folding intermediates (28, 35, 44, 58, 59) ; and (iv) most of the conformationalfoldlng of the slow-folding species occurs before proline-93 isomerization at low temperature (41) (42) (43) (41) (42) (43) 55) . Whileproline isomerization may occur in the folding-unfolding process in proteins, -it is, however, not the only possible slow . process; conformational rearrangements among the fragments might also be slow.-Thus, the more general treatment presented here includes proline cit-trans isomerization as aldnd of native-non-native interaction and enables us to interpret the observed fast and slow folding processes in terms of growth-and rearrangement-type pathways, respectively.
To provide an a priori prediction of the type-of folding pathway that any given protein would adopt, it would be necessary to compare the native and non-native interactions inthe protein to determine which of these would dominate in the pathway, especially in the rte-limiting step.
CONCLUSION
We propose two types ofregeneration models for protein folding; One is designated as a growth-type pathway in which the nucleation sites are folded in the rate-limiting step and other parts ofthe polypeptide chain fold around the nucleation sites. ' In this pathway, native interactions play a sinificant role. In the other,. the rearrangement-type pathway, some non-native interactions are essential for regeneration and the disruption or rearrangement of these interactions to native ones is the ratelimiting step. The rate-limiting, steps in the. pathways for regeneration of RNase A from the-reduced protein are classified as pgwth-or rearrangement-type pathways. The regeneration of other proteins can also be characterized similarly. For example, the regeneration of BPII fiom its reduced form follows a rearrangement-type pathway, and the fist and slow folding processes of proteins that have intact disulfide bonds follow -growth-and rearrangement-type pathways, respectively. The preference for either of these two types of pathways depends on the nature of the.protein and the final solution conditions used for .the regeneration. We conclude that proteins are regenerated through many pathways, which. in general can be haraterized as either growth or rearrangement type.
